Infected pancreatic necrosis is a challenging complication that worsens prognosis in acute pancreatitis. For years, open necrosectomy has been the mainstay treatment option in infected pancreatic necrosis, although surgical debridement still results in high morbidity and mortality rates. Recently, many reports on minimally invasive treatment in infected pancreatic necrosis have been published. This paper presents a review of minimally invasive techniques and attempts to define their role in the management of infected pancreatic necrosis.
Introduction
Acute pancreatitis is usually mild and resolves without complications. In 10-20% of acute pancreatitis cases there is necrosis of the pancreas or extrapancreatic tissues [1] . Between 40% and 70% of patients with necrotising pancreatitis develop infected necrosis, which significantly worsens the prognosis [2] . The management of infected necrosis, irrespective of the technique used, is based on maximal removal of the necrotic tissues (necrosectomy) and drainage of the infected fluid. One of the most important factors determining the efficacy of necrosectomy is the timing of the operation. The optimal timing of surgical intervention in acute pancreatitis remains unclear. However, it is generally accepted that pancreatic necrosectomy should be performed as late as possible, and preferably after the fourth week of disease. Early necrosectomy is associated with high mortality and should be avoided. The only randomised trial that compared an early necrosectomy within 72 h from the beginning of acute pancreatitis with a late necrosectomy performed after 12 days of disease was terminated prematurely because of a high mortality rate in the former group (58% vs. 27%) [3] . Moreover, Besselink et al. [4] found that necrosectomy done at least 30 days since the onset of disease resulted in a low mortality rate of 8%. In comparison, necrosectomy within the first 2 weeks of acute pancreatitis was associated with a mortality rate of 75%, and which decreased to 45% if the operation was postponed until 2 weeks later.
The efficacy of necrosectomy is determined by the natural course of pancreatic necrosis and the degree of concomitant inflammation. The necrotic tissues become separated with time and undergo the process of liquefaction. Within the first 2-3 weeks of disease, pancreatic necrosis is poorly demarcated and it is difficult to discriminate between the necrotic and viable parenchyma. Attempts at necrosectomy in this phase of acute pancreatitis, at best, result in partial removal of the necrosis at the cost of severe bleeding and excessive resection of normal parenchyma. During the following weeks of disease, pancreatic necrosis becomes well separated and liquefies gradually. After the fourth week of acute pancreatitis, a solid-liquid collection is formed within a cavity covered by granulation tissue. Currently, this morphologic form of pancreatic necrosis is defined as walled-off necrosis [5] , and necrosectomy at this stage of acute pancreatitis has the best chance of success.
Surgical necrosectomy through laparotomy is still the "gold standard" treatment of symptomatic pancreatic necrosis, despite its postoperative mortality rate of 20-40% and morbidity reaching as much as 78% [6, 7] . Traditional necrosectomy causes a "second hit", which results in worsening of organ dysfunction and paradox-ically might transiently favour the progression of sepsis. This additional trauma might exceed the physiological reserves of the patient and lead to multiple organ failure, and death in some cases. Van Santvoort et al. [8] revealed that organ dysfunction is less common after minimally invasive necrosectomy, in comparison to open necrosectomy (12% vs. 40%, p = 0.002). Similarly, Raraty et al. [9] observed lower APACHE II score and incidence of multiple organ failure in patients who underwent minimally invasive treatment of complicated acute pancreatitis.
Minimally invasive techniques have been introduced for the management of infected pancreatic necrosis in order to minimise the perioperative trauma and to limit its negative influence on organ function. Nowadays, endoscopic, radiological, laparoscopic, and hybrid techniques combining different minimally invasive modalities are used for the treatment of acute pancreatitis, depending on the experience of the institution.
Percutaneous drainage and necrosectomy
Percutaneous drainage is one of the first minimally invasive techniques employed for the treatment of infected pancreatic necrosis. Good results of percutaneous drainage in intra-abdominal abscesses encouraged its application also in patients with septic complications of acute pancreatitis. Freeny et al. [10] performed percutaneous drainage in 34 patients with infected pancreatic necrosis, with a success rate of 47%. In this series, evacuation of the necrotic debris was facilitated by vigorous irrigation, use of multiple catheters, and their frequent upsizing. A median of three catheters and a median of four catheter exchanges were required per patient. Small-calliper catheters 10-14 Fr in diameter were used initially and thereafter exchanged for large-bore catheters 24-28 Fr in size. Nevertheless, more than half of the patients, sooner or later, underwent surgical debridement.
The efficacy of percutaneous catheter drainage is varied and ranges between 18% and 89% (Table I) . Horvath et al. [11] found that a decrease in size of the necrotic collection by 75% within 10-14 days predicted its success with 100% accuracy. However, such a rapid resolution of a necrotic collection might be expected only in case of the collections with a large proportion of liquefied contents. Percutaneous catheter drainage in infected pancreatic necrosis is usually regarded as a bridge treatment that allows the surgical intervention to be delayed. Despite this belief, percutaneous drainage proves to be the definitive treatment in many cases and there is no need for surgical intervention. The most important value of percutaneous drainage is ease of performance and the possibility of access into al- 
PCD -percutaneous catheter drainage, Endo -endoscopic necrosectomy (selected patients).
most any region of the abdominal cavity. Percutaneous drainage is usually performed under the guidance of computed tomography, which sometimes exposes the patients to a high dose of ionizing radiation. In a series reported by Bruennler et al. [12] , a median of six contrast-enhanced computed tomography examinations were needed per patient (range: 1-23 exams).
The most important disadvantage of percutaneous drainage is the difficulty in establishing adequate outflow, due to frequent clogging of the catheters. Although large-bore catheters should provide better drainage of the particulate debris and promote resolution of the necrotic collections, Bruennler et al. [12] did not confirm the influence of the catheter size on the treatment results in acute pancreatitis. The most common complications of percutaneous catheter drainage are gastrointestinal fistulas, which occur with a rate of up to 20% [10, 12] . These fistulas are usually clinically not significant and do not require any specific treatment. The most serious complication of percutaneous drainage is haemorrhage due to local sepsis or incidental injury of a blood vessel. Two cases of a fatal haemorrhage from the splenic artery upon insertion of the catheter have been reported in the literature [10, 13] .
To improve the efficacy of debridement, a technique of percutaneous necrosectomy was developed. It is based on mechanical fragmentation of the necrotic tissues and their extraction under the fluoroscopic guidance. This technique was introduced by Shonnard et al. [14] , who removed the necrotic debris through the drain tract using the nitinol loops. Other authors used endoscopic baskets or tripod graspers for this purpose [15] . Percutaneous necrosectomy is more successful in the treatment of pancreatic necrosis than simple percutaneous drainage (Table I ). The disadvantage of this technique is the lack of visual control during removal of the necrotic debris, which can result in incidental injury of the blood vessels or bowel wall, although this potential risk is not reflected in the literature.
Minimally invasive retroperitoneal necrosectomy
The advancement of percutaneous necrosectomy is minimally invasive retroperitoneal necrosectomy performed under the visual control provided by optical devices. This technique uses the retroperitoneal access through a mini-lumbotomy, usually left-sided, and there are two basic types of this technique. One type, called video-assisted retroperitoneal debridement (VARD), is in fact a hybrid technique combining open lumbotomy with a laparoscopic technique. This modality was introduced by Gambiez et al. [16] , who originally removed the necrotic debris visualised by means of a mediastinoscope through a small lumbotomy. This procedure can be performed without gas insufflation, and the initial debridement is often done blindly using open surgery instrumentation. A similar technique was used by van Santvoort et al. [17] and Castellanos et al. [18] , but the visualisation of the necrotic cavity was provided by a laparoscope and a fibrescope, respectively.
Another type of minimally invasive necrosectomy is minimal access retroperitoneal pancreatic necrosectomy (MARPN), which was introduced by Carter et al. [19] . In this technique a nephroscope was originally used through a tract formed along a drain that was inserted during previous open necrosectomy. The visualisation of the necrosis was aided by instillation of saline, and the necrotic debris was removed through the working channel of the nephroscope. Later, this technique was also used for patients who had not been operated on, and the tract for placement of a nephroscope was created using percutaneous dilators. There are several modifications of this retroperitoneoscopic technique, and most of them require gas insufflation to achieve pneumoretroperitoneum. Horvath et al. [20] carried out retroperitoneal necrosectomy using two trocars, 10-12 mm in size, which were inserted through one small incision in the flank. In comparison, Bucher et al. [21] removed the necrotic debris using a 5-mm grasper and laparoscope, which were manipulated through a single trocar. One disadvantage of the aforementioned techniques is unstable pneumoretroperitoneum, which significantly impedes visualisation of the necrotic cavity and necrosectomy. These difficulties are avoided using the technique reported by Sileikis et al. [22] , who inserted three trocars separately into the necrotic collection through the left lumbar region. Another modification requires a special SILS port (Covidien Polska) adopted for single incision laparoscopic surgery, which keeps a tight pneumoretroperitoneum and thus facilitates necrosectomy [23] .
The success rate of minimally invasive necrosectomy is high and ranges from 60% to 100%, whereas morbidity and mortality are relatively low (Table II) . The principal reason for conversion to open surgery is lack of access to the necrotic collection or its part. In a series reported by Horvath et al. [11] 4 of 25 patients required surgical intervention due to a persistent collection at the base of the mesentery, although a retrocolic collection resolved. A further 6 patients in this series underwent open debridement because collection was not accessible through the left flank. In such patients, endoscopic necrosectomy might be a better option. Similarly to percutaneous catheter drainage, the main complications of video-assisted necrosectomy are gastrointestinal fistulas, especially pancreatic, and haemorrhage [9, 24] .
Endoscopic necrosectomy
Endoscopic drainage for the treatment of pancreatic necrosis was first performed by Baron et al. [25] . Their technique was similar to that employed in pancreatic cysts, but two stents 10 Fr in size were inserted into the necrotic collection. Because of superinfection of the necrosis in the first patients, the following patients had a nasopancreatic catheter placed into the necrotic cavity for lavage and faster liquefaction of the necrotic debris. Nine of 11 patients recovered in this series.
Some modifications of endoscopic therapy have been suggested in order to improve evacuation of the necrotic debris. Varadarajulu et al. [26] used two or three access points through the stomach or duodenum. This technique was more successful than endoscopic drainage using only one access point (91.7% vs. 52.1%).
Further development of endoscopic therapy in infected pancreatic necrosis is endoscopic necrosectomy. Endoscopic necrosectomy was introduced by Seifert [27] and is currently one of the most common NOTES procedures (natural orifice transluminal endoscopic surgery). This technique relies on the removal of the necrosis through a 1.5-2 cm aperture that is created in the gastric or duodenal wall endoscopically. Endoscopic necrosectomy is best suited for patients with a walled-off necrosis located within 2 cm of the gastric or duodenal wall, and usually in the lesser sac. The first debridement session is often guided by endosonography, which facilitates the procedure and makes it safer, especially when there is no intraluminal impression on endoscopy.
The largest series of endoscopic necrosectomy was reported by a German group from the multicentre trial GEPARD (German Multicentre Study on Endoscopic Pancreatic Retroperitoneal Debridement) [28] . Ninety-three patients with acute pancreatitis were recruited into the trial. Endoscopic necrosectomy was successful in 80% of the patients. Overall mortality and morbidity were 7.5% and 26%, respectively. The most common complications were bleeding and perforation into the free peritoneal cavity. There were two procedure-related fatalities in this series. One patient experienced a massive haemorrhage and died before a surgical intervention could be undertaken. Another patient suffered a fatal air embolism. Therefore, insufflation with carbon dioxide is recommended for endoscopic necrosectomy.
The efficacy of endoscopic necrosectomy is high and ranges between 75% and 100%, whereas its mortality is relatively low, up to 15% (Table III) . Notably, endoscopic necrosectomy is performed in a highly selected group of patients who usually have the necrotic collections limited to the lesser sac. Moreover, the interval between the onset of acute pancreatitis and endoscopic necrosectomy is longer (mean 45 days) in comparison 
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Minimally invasive treatment of infected pancreatic necrosis to percutaneous drainage (mean 16 days), minimally invasive necrosectomy (mean 30 days), or open necrosectomy (mean 25 days).
The most common complication of endoscopic necrosectomy is bleeding into the postnecrotic cavity or, more often, from the gastric wall [28, 29] . A rare, but typical to this technique, complication is perforation into the peritoneal cavity resulting in diffuse peritonitis due to contamination with the purulent and necrotic material [28] . This latter complication requires urgent surgical treatment. The unquestionable advantage of endoscopic necrosectomy is a negligible rate of pancreatic fistulas.
Gardner et al. [30] from the Mayo Clinic carried out a trial comparing endoscopic necrosectomy with endoscopic drainage for the treatment of symptomatic pancreatic necrosis. Endoscopic necrosectomy had a significantly higher success rate than endoscopic drainage (88% vs. 45%), whereas morbidity and length of treatment were comparable. Gluck et al. [31] proposed a technique of dual modality drainage that combined endoscopic and percutaneous drainage. The development of this technique was inspired by the fact that some patients with necrotising pancreatitis recovered faster when they developed a duodenal fistula, which facilitated drainage of the necrotic debris. Compared with standard percutaneous drainage, the patients treated with dual drainage had shorter hospital stay (16 vs. 39 days), fewer CT examinations (7.5 vs. 13), fewer catheters (1 vs. 2), and shorter drainage time (65 vs. 136 days). None of the patients in the dual drainage group required open surgery, whereas 3 of 46 patients treated with percutaneous drainage alone underwent surgical intervention. The mortality rates were comparable in both groups (4% vs. 7%). A similar technique was used by Becker et al. [32] . All seven patients in their series recovered by endoscopic drainage combined with percutaneous drainage. On the other hand, in a series reported by Papachristou et al. [33] 40% of the patients who underwent endoscopic necrosectomy required additional percutaneous drainage due to a residual collection of infected necrosis that was inaccessible endoscopically. The authors concluded that the failure rate of endoscopic treatment is higher when the necrotic collection is above 15 cm in size or when it extends into the retrocolic region.
Recently Bakker et al. [34] published the results of a randomised trial PENGUIN (Pancreatitis, ENdoscopic transGastric versUs primary necrosectomy in patients with Infected Necrosis), which compared endoscopic necrosectomy with surgical debridement (VARD or open necrosectomy). Endoscopic necrosectomy showed lower postprocedural severity of proinflammatory response (measured by serum interleukin-6 level) and lower rate of major complications.
Laparoscopic necrosectomy
Transperitoneal laparoscopic operations are rarely used for the treatment of acute pancreatitis due to technically difficult exposure of the pancreatic region and risk of contamination of the peritoneal cavity. Zhu et al. [35] performed laparoscopic operations in ten patients with severe acute pancreatitis, and nine of them recovered. The laparoscopic procedures were limited to lavage and drainage of the peripancreatic area. However, all the operations were performed within the first 24-72 h of the disease, which, in view of current management recommendations in acute pancreatitis, raises doubts about the rationale of these interventions. A similar laparoscopic technique and indications were reported in a series published by Zhou et al. [36] . Seven of 13 patients had laparoscopic drainage, whereas the remaining patients underwent retroperitoneoscopic necrosectomy. In comparison, Cuschieri et al. [37] carried out successful laparoscopic necrosectomy in 2 of 3 patients using a transperitoneal access through the mesentery of the transverse colon. One of their patients underwent open debridement. Parekh [38] used this transperitoneal transmesocolic access and a special device for hand-assisted surgery (Gelport) in 19 patients with acute pancreatitis. One patient in this series required conversion to open surgery because of bowel injury, and 2 other patients underwent open necrosectomy later.
Ammori [39] performed the first laparoscopic transperitoneal transgastric necrosectomy in a patient with infected pancreatic necrosis. The next four transgastric interventions were done in patients with sterile necrosis [40] . All the patients recovered, and there were no conversions to open surgery. The authors concluded that laparoscopic transgastric necrosectomy seems to be technically easier even than endoscopic necrosectomy.
Selection of necrosectomy technique in the era of minimally invasive surgery
Nowadays there are no clinical or radiological criteria allowing the prediction of which minimally invasive techniques might prove successful in patients with infected necrosis. Therefore, the choice of a minimally invasive procedure depends mainly on the expertise of the treating team and on the preferred technique used in the institution. There are many minimally invasive techniques available for the treatment of complicated acute pancreatitis. In some patients, it is useful to combine various techniques or to use them at different stages of the disease. On the other hand, open necrosectomy does not exclude the possibility of subsequent usage of minimally invasive procedures.
The principal problem common to all the minimally invasive techniques is the difficulty in removal of the necrotic debris and in the establishment of adequate drainage of the necrotic and purulent fluid. Therefore, it is often necessary to repeat sessions of necrosectomy and to use active lavage.
Pancreatic necrosis might become infected in the first week of acute pancreatitis, and the patient's condition sometimes does not allow for further delay in surgical intervention because of worsening multiple organ failure. In such situations, percutaneous drainage of the infected necrosis and peripancreatic collections might allow control of infection, stabilisation of the patient's condition, and postponement of the surgical intervention to a more convenient time.
Endoscopic treatment is used preferably in patients with the necrotic collections limited to the lesser sac, and in patients who require intervention at the later stages of disease when the necrosis is well liquefied. Retroperitoneal, minimally invasive necrosectomy seems to be an interesting technique for the treatment of patients with large necrotic collections extending down to the retrocolic regions, and also after adequate liquefaction of the necrosis. Although the results of minimally invasive techniques are encouraging, their use should not lead to a delay in appropriate treatment. Lack of clinical improvement should always be an indication for open necrosectomy, which is still the preferred choice in situations such as acute pancreatitis complicated by intra-abdominal compartment syndrome, colon ischaemia, and bowel perforation. On the other hand, percutaneous or endoscopic drainage might be life saving in patients who are critically ill and in whom general anaesthesia is contraindicated.
In conclusion, the role of minimally invasive techniques remains unclear; however, these techniques seem to be promising methods for the treatment of complicated acute pancreatitis. Minimally invasive techniques should be performed in specialised institutions with expertise in the management of severe pancreatitis. The selection of a minimally invasive procedure depends on the extent of necrosis, timing of intervention, patient's condition, and the experience and preference of the institution. In the near future, further developments in minimally invasive techniques and increasing popularity of hybrid methods for the treatment of infected pancreatic necrosis might be expected.
